Inositol acylation is an obligatory step in glycosylphosphatidylinositol (GPI) biosynthesis whereas mature GPI anchors often lack this modi®cation. The GPI anchors of Trypanosoma brucei variant surface glycoproteins (VSGs) undergo rounds of inositol acylation and deacylation during GPI biosynthesis and the deacylation reactions are inhibited by diisopropyl¯uoro-phosphate (DFP). Inositol deacylase was af®nity labelled with [ 3 H]DFP and puri®ed. Peptide sequencing was used to clone GPIdeAc, which encodes a protein with signi®cant sequence and hydropathy similarity to mammalian acyloxyacyl hydrolase, an enzyme that removes fatty acids from bacterial lipopolysaccharide. Both contain a signal sequence followed by a saposin domain and a GDSL-lipase domain. GPIdeAc ±/± trypanosomes were viable in vitro and in animals. Af®nity-puri®ed HA-tagged GPIdeAc was shown to have inositol deacylase activity. However, total inositol deacylase activity was only reduced in GPIdeAc ±/± trypanosomes and the VSG GPI anchor was indistinguishable from wild type. These results suggest that there is redundancy in T.brucei inositol deacylase activity and that there is another enzyme whose sequence is not recognizably related to GPIdeAc.
Introduction
Glycosylphosphatidylinositol (GPI) membrane anchors are widely distributed among the eukaryotes. They anchor proteins to the outer lea¯et of the plasma membrane and are thought to be associated with other functions, such as signal transduction and protein targeting, via association with membrane microdomains or`lipid rafts' (Simons and Ikonen, 1997) .
Protein-linked GPI anchors and GPI-related glycolipids are particularly abundant in protozoa . The tsetse-transmitted African trypanosomes that cause human sleeping sickness are protected in the mammalian bloodstream by a surface coat of GPI-anchored variant surface glycoprotein (VSG) (Cross, 1996) and GPI biosynthesis has been validated as a therapeutic target (Nagamune et al., 2000) .
GPI biosynthesis has been studied in several organisms (reviewed recently by Kinoshita and Inoue, 2000; McConville and Menon, 2000; Morita et al., 2000) . In all cases, GPI biosynthesis involves the addition of GlcNAc to phosphatidylinositol (PI) to give GlcNAc-PI, which is then de-N-acetylated to form GlcN-PI. Notable differences between the Trypanosoma brucei and mammalian GPI biosynthetic pathways occur from GlcN-PI onwards (Figure 1) , including the addition of extra ethanolamine phosphate groups to mammalian anchors (Puoti and Conzelmann, 1993) , fatty-acid remodelling of T.brucei anchors (Masterson et al., 1990) and the timing of inositol acylation and deacylation (Gu Èther and Ferguson, 1995; Doerrler et al., 1996) . In T.brucei, inositol acylation (i.e. the addition of a fatty acid to the 2-OH of the myo-inositol residue) occurs only after the addition of the ®rst Man residue to GlcN-PI and intermediates from Man 1 GlcN-(acyl)PI onwards are in equilibrium between their inositol acylated and nonacylated forms through the action of inositol acyltransferase(s) and inositol deacylase(s). In mammalian cells, inositol acylation occurs at the level of GlcN-PI and strictly precedes mannosylation to Man 1 GlcN-(acyl)PI. Furthermore, once added, the acyl chain remains attached until the mature GPI anchor is added to protein in the endoplasmic reticulum (ER). Thereafter, it may remain or be removed by an inositol deacylase (Chen et al., 1998) , depending on the cell type (Wong and Low, 1992) .
Several genes associated with GPI biosynthesis have been cloned by complementation of GPI ± mammalian and yeast mutants (Miyata et al., 1993; Hamburger et al., 1995; Leidich et al., 1995; Benghezal et al., 1996; Nakamura et al., 1997; Maeda et al., 2001) and by identifying proteins that associate physically with known components of the pathway (Watanabe et al., 2000) . However, thus far, no inositol deacylase mutants have been identi®ed.
Here, we af®nity label and purify a T.brucei inositol deacylase, clone the corresponding gene, con®rm the activity of the recombinant enzyme and analyse the biochemical phenotype of the gene knockout mutant.
Results
Af®nity labelling and extraction of the putative trypanosome inositol deacylase We reported previously the inhibition of T.brucei inositol deacylase with diisopropyl¯uorophosphate (DFP) and its insensitivity to a range of serine esterase/protease inhibitors (Gu Èther and Ferguson, 1995) . Aliquots of washed trypanosome membranes (10 10 cell equivalents) were pre-incubated with a cocktail of esterase and protease inhibitors and subsequently labelled with [ 3 H]DFP. The membranes were washed until there was no radioactivity in the supernatant and then stripped of peripheral membrane proteins and soluble ER lumen proteins with 1 M KCl and sodium carbonate buffer, respectively. The latter treatments released very little radioactivity from the membranes. Various concentrations of the detergents CHAPS, Zwittergent 3-16 and nOG were used to extract the membranes. The best yield of solubilized radioactivity was achieved with 8% (w/v) nOG. Following initial solibilization, the nOG concentration could be reduced without compromising solubility of the [ 3 H]DFP-labelled components.
Characterization and puri®cation of the putative trypanosome inositol deacylase Equal numbers of bloodstream-and procyclic-form T.brucei membranes were labelled with [ 3 H]DFP and solubilized with nOG. The soluble fractions were adsorbed with anti-VSG±Sepharose and then with ConA±agarose. The ConA-binding fractions were analysed by SDS± PAGE and¯uorography (Figure 2A) . A [ 3 H]DFP-labelled 50 kDa doublet was apparent in the bloodstream-form preparation but not in the procyclic-form preparation, suggesting that this glycoprotein is either absent or does not receive ConA-binding glycans in procyclic forms. The latter is unlikely since procyclic forms express ConAbinding oligomannose structures on both endogenous and heterologously expressed bloodstream-form glycoproteins (Paturiaux-Hanocq et al., 1997; Treumann et al., 1997) . brucei membranes were incubated with a cocktail of serine esterase/ amidase inhibitors, labelled with [ 3 H]DFP, washed, lysed and adsorbed with ConA±agarose. The adsorbed glycoproteins were subjected to SDS±PAGE and¯uorography. (B) Bloodstream-form T.brucei membranes were labelled as described above and the glycoproteins were treated with (+) and without (±) PNGase F and subjected to SDS±PAGE and¯uorography. Treatment of the glycoprotein fraction from bloodstream forms with PNGase F converted the 50 kDa doublet to a single band of 43 kDa, demonstrating that the [ 3 H]DFPlabelled protein was N-glycosylated ( Figure 2B ).
The properties of this glycoprotein with respect to (i) its lack of reactivity with serine esterase/protease inhibitors except DFP, (ii) its membrane association and (iii) its absence from procyclic forms, which do not utilize inositol deacylation in GPI biosynthesis (Field et al., 1992) , suggested that it was worthy of further investigation as a putative inositol deacylase.
A puri®cation procedure was developed to obtain peptide sequence from the putative inositol deacylase. The ®nal puri®cation strategy started from 4 Q 10 11 cell equivalents of [ 3 H]DFP-labelled washed trypanosome membranes, stripped with sodium carbonate buffer and solubilized with 8% nOG and sonication. After ultracentrifugation, the supernatant was absorbed with anti-VSG± Sepharose and then with ConA±agarose. The bound glycoproteins were eluted with a-methyl-mannoside and fractionated on TMAE±Fractogel. Two peaks of radioactivity were obtained at 150 and 400 mM NaCl and aliquots were analysed by SDS±PAGE (both contained the labelled 50 kDa doublet). The ®rst peak ran with an apparent molecular weight of 150±200 kDa on Superdex S-200 gel ®ltration whereas the second ran at~50 kDa, suggesting that the labelled 50 kDa protein in the ®rst peak was complexed to itself and/or other proteins. The labelled protein from both peaks co-chromatographed on mono-Q and hydroxyapatite fast performance liquid chromatography (FPLC), suggesting that the labelled protein in the ®rst peak can be dissociated into 50 kDa monomers under these conditions. The labelled protein from the second TMAE±Fractogel peak was further puri®ed by hydroxyapaptite FPLC.
Aliquots from each step of the puri®cation were analysed by SDS±PAGE and silver staining (Figure 3 ). The radiolabelled peak eluting from the hydroxyapatite column ( Figure 3 , lane 6) was highly enriched for a protein that comigrated exactly with the [ 3 H]DFP-labelled glycoprotein ( Figure 3, lane 7) . The remaining material was reduced and S-alkylated with vinylpyridine before SDS±PAGE and staining with Coomassie Blue. A band containing~0.5 mg protein, corresponding to the band marked by an arrow in Figure 3 , lanes 6 and 7, was excised along with other gel slices of equivalent size and taken for in-gel trypsin digestion. The resulting tryptic peptides were applied to a 0.5 mm capillary microbore C18 reverse-phase HPLC column. The eluate was transferred directly to PVDF membrane using an on-line microblotter and strips containing seven peptides unique to the putative inositol deacylase band were taken for Edman microsequencing. Of these, ®ve gave low-level peptide sequences containing several ambiguities (Figure 3) .
Cloning of the GPIdeAc gene
Attempts to amplify segments of the gene encoding the putative inositol deacylase by PCR, using cDNA and degenerate forward and reverse oligonucleotide primers designed from peptides 1±4 (Figure 3) , were unsuccessful. We used an intra-peptide PCR approach ( Figure 4A , step 1) Fig. 3 . Puri®cation and microsequencing of the inositol deacylase.
[ 3 H]DFP-labelled bloodstream-form T.brucei membranes (4 Q 10 11 cell equivalents) were washed with high-pH buffer and extracted with nOG. The soluble fraction (lane 1) was adsorbed with anti-VSG±Sepharose and the supernatant (lane 2) was adsorbed with ConA±agarose. The unbound material (lane 3) was discarded and the a-methyl-mannoside eluate (lane 4) was fractionated by TMAE±Fractogel FPLC. The radioactive fractions eluting at 400 mM NaCl (lane 5) were dia®ltered and applied to a hydroxyapatite FPLC column. An aliquot (1%) of the radioactive fraction eluting at 200 mM sodium phosphate (lane 6) was analysed by SDS±PAGE and¯uorography (lane 7). The silver-stained gel (lanes 1±6) represents 0.0005% (lanes 1±3) or 1% (lanes 4±6) of the total material. A preparative gel of the material shown in lanes 6 and 7 was used to excise the band indicated by the arrow for in-gel trypsin digestion. The tryptic peptides were fractionated by capillary microbore HPLC and the Edman sequencing results of ®ve peptides are indicated. Residues in parentheses were ambiguous. Degenerate PCR primers (primers 1 and 2) were used to amplify a short non-degenerate DNA sequence coding for the DGFHPS segment of the protein (step 1). Primers based on this sequence (primer 4) and the 5¢-spliced leader (mini exon) (primer 3) were used to amplify a cDNA sequence spanning most of the ORF (step 2). Additional primers were used to amplify two 400 bp probes (probes 1 and 2) corresponding to the 5¢ and 3¢ regions of the ORF, respectively (step 3). (B) Probes 1 and 2 were used in Southern blot analyses of restriction endonuclease-digested T.brucei DNA. The digestion patterns indicated that the gene was single-copy per haploid genome and that SacII, XhoI and ApaI digests contained fragments encompassing the whole gene. XhoI-digested DNA was used to prepare the 6.0±6.5 kb size-selected library used to obtain the 6.2 kb genomic clone containing the gene.
T.brucei GPI inositol deacylase using genomic DNA as the template, degenerate 14mer primers corresponding to most of the LVNPV and QIATA segments of the peptide LVNPVDGFHP(N)QIATA-LM(G)A(S)R, and temperature-gradient PCR, to generate a PCR product of the expected size (69 bp). The PCR product was puri®ed from a polyacrylamide gel and ligated into the pGEMTeasy vector. The inserts of six clones were sequenced and all contained the same nucleotide sequence (encoding DGFHPS) between the degenerate primer sequences. An 18mer reverse primer based on this sequence, a forward primer based on the trypanosome 5¢-spliced leader (a 35 bp sequence transspliced on to every trypanosome mRNA) and bloodstream-form T.brucei cDNA were used to amplify a large fragment of the gene by PCR ( Figure 4A, step 2) . This fragment was cloned and sequenced, revealing a continuous open reading frame (ORF) starting 82 bp downstream of the 5¢-spliced leader and terminating in the sequence LVNPVDGFHPS. Two 400 bp probes (probes 1 and 2) corresponding to the 5¢ and 3¢ ends of this clone were made by PCR ( Figure 4A , step 3) to assist in obtaining a genomic clone containing the entire coding region and¯anking sequences.
Southern blot analysis with probes 1 and 2 suggested that the gene was single-copy per haploid genome ( Figure 4B ) and, based on the blot, a 6.0±6.5 kb sizeselected library of XhoI-digested genomic DNA fragments was prepared in the pUC18 vector. Duplicate colony blots of bacteria transformed with the library were hybridized with probes 1 and 2. After three rounds of selection, a representative clone was picked and the presence of the gene in the 6.1 kb insert was con®rmed by PCR using primers 5 and 8. The entire insert was sequenced (accession number AJ344051) and found to contain a 1.7 kb ORF corresponding to the putative inositol deacylase (which we name GPIdeAc)¯anked by 2.7 and 1.8 kb of 5¢ and 3¢ DNA, respectively. Four of the ®ve tryptic peptide sequences ( Figure 3 , peptides 1, 2, 3 and 5), preceded by the expected R or K trypsin digestion sites, were found in the predicted ORF ( Figure 5A ), albeit with several errors due to the extremely low levels of peptide sequenced and with two of the sequences ( Figure 3 , peptides 2 and 3) representing overlapping peptides. A retrospective MALDI-Tof analysis of the in-gel tryptic digest also identi®ed peptide 1 and peptide 2/3 as well as four other peptides belonging to GPIdeAc ( Figure 5A ). The other ions in the MALDI-Tof spectrum were either due to the matrix or trypsin autolysis peptides, suggesting that there were no other detectable proteins in the gel piece.
The putative inositol deacylase has homology with mammalian acyloxyacyl hydrolase Translation of GPIdeAc predicts a protein of 61.4 kDa with a 31 amino acid N-terminal signal peptide, a saposin type-B domain (residues 43±122), a GDSL-lipase motif domain (residues 241±372) and six potential N-glycosylation sites. The presence of an N-terminal signal sequence, the occupancy of several of the potential glycosylation sites ( Figure 2 ) and the absence of predicted transmembrane domains suggests that GPIdeAc is a lumenal glycoprotein. BLASTp analysis against the NCBI and SwissProt non-redundant protein databases revealed three related proteins with the same domain structure: human, mouse and rabbit acyloxyacyl hydrolase (AOAH) ( Figure 5A ). The lower apparent molecular weight of the [ 3 H]DFP-labelled glycoprotein (50 kDa glycosylated and 43 kDa deglycosylated) suggests post-translational proteolytic processing that is more extensive than simple removal of the signal sequence. Such processing has been reported for human AOAH such that the 14 kDa saposin type-B N-terminal domain remains attached to the 52 kDa lipase-containing domain by a disul®de bridge that is broken in reducing SDS±PAGE (Staab et al., 1994) . The sequence identities and similarities to human, mouse and rabbit AOAH are 35±36% and 53±54%, respectively; the three mammalian proteins are closely related to each other (~77% identity and 89% similarity). Hydropathy plots for the trypanosome protein and the human AOAH are very similar ( Figure 5B ), suggesting that they have similar folds and that they are truly homologous. The conservation of 16 out of 17 Cys residues between the trypanosome and the mammalian sequences further supports the notion that these proteins have similar tertiary structure. Furthermore, like the T.brucei inositol deacylase, mammalian AOAH is inhibited by DFP but not by many other serine esterase inhibitors (Munford and Hunter, 1992) and both enzymes require detergent extraction despite the absence of transmembrane domains (Munford and Hall, 1989) . Membrane association could be via tight binding to integral membrane components and/or interaction between the saposin type-B domain and the phospholipid bilayer (Liepinsh et al., 1997) .
In summary, GPIdeAc is very similar to the mammalian AOAH described previously proteins. The AOAHs are involved in the breakdown and detoxi®cation of bacterial lipopolysaccharides through the removal of fatty acids from lipid A (Munford and Hall, 1986; Hagen et al., 1991; Staab et al., 1994) . Both GPIdeAc and the AOAHs contain a saposin type-B domain, a structure generally associated with glycosphingolipid binding for degradation (Bierfreund et al., 2000) , and a GDSL-lipase domain, a serine hydroxyesterase motif associated with the removal of fatty acids. Thus, the putative trypanosome inositol deacylase contains all the hallmarks of a glycolipidspeci®c lipase. The absence of any glycolipids in T.brucei, other than GPI anchors and their biosynthetic intermediates, further suggests that the cloned gene encodes a GPI-speci®c deacylase.
Construction of GPIdeAc gene knockout and conditional mutant trypanosomes
In order to assess the function of the GPIdeAc gene, we performed a gene knockout. Sequences of 263 and 245 bp immediately¯anking the 5¢ and 3¢ termini of GPIdeAc (avoiding adjacent potential ORFs) were used as targeting sequences for homologous recombination. The ®rst GPIdeAc allele was replaced by a hygromycin resistance gene (HYG) and the second allele was replaced by a puromycin resistance gene (PAC) ( Figure 6A ). After several attempts, seven double knockout (GPIdeAc ±/± ) clones were obtained and the absence of GPIdeAc genes was con®rmed by PCR ( Figure 6B ) and Southern blot (data not shown). All clones were viable in culture with growth characteristics similar to the wild type. Two GPIdeAc ±/± clones tested were infective to mice and rats, with no gross growth phenotype in animals.
Washed trypanosome membranes prepared from wildtype and GPIdeAc ±/± cells were labelled with [ 3 H]DFP, solubilized with nOG, and the ConA-binding fractions were analysed by SDS±PAGE and¯uorography. The [ 3 H]DFPlabelled 50 kDa doublet seen in the wild-type sample was absent from the GPIdeAc ±/± sample ( Figure 6C ), con®rming that GPIdeAc does indeed encode the DFPreactive protein.
A tetracycline-inducible HA-tagged ectopic copy of the GPIdeAc gene was also introduced into a GPIdeAc ±/± clone using the pLEW82 vector (Wirtz et al., 1999) ( Figure 6A and B).
GPIdeAc ±/± trypanosome membranes show reduced inositol deacylase activity Several preparations of wild-type and GPIdeAc ±/± cell-free systems were labelled with GDP-[ 3 H]mannose in the presence of UDP-GlcNAc. Both wild-type and GPIdeAc ±/± membranes produced glycolipids A¢ and q, showing that inositol deacylase activity was still present in the GPIdeAc ±/± cells. However, the GPIdeAc ±/± membranes showed a reproducible accumulation of glycolipid C¢, as compared with wild-type membranes (Figure 7 , lanes 2 and 4). Digestion of these intermediates with PI-PLC, to reveal only PI-PLC-resistant (inositol-acylated) species, further emphasized the accumulation of glycolipid C¢ in the GPIdeAc ±/± membranes relative to wild type. These data are consistent with a reduction in, but not a total loss of, inositol deacylase activity.
Recombinant GPIdeAc has inositol deacylase activity Expression of GPIdeAc in Escherichia coli produced recombinant protein in inclusion bodies that was inappropriate for enzyme assays, although this material was used to successfully raise rabbit polyclonal antibodies for localization studies. We used GPIdeAc ±/± cells expressing HA-tagged inositol deacylase from an ectopic copy of GPIdeAc±HA as a source of recombinant inositol deacylase. Cell lysates from 10 9 GPIdeAc ±/± and GPIdeAc ±/± / ectopic GPIdeAc±HA trypanosomes were immunoprecipitated with anti-HA antibody beads. The washed beads were incubated with puri®ed [ 3 H]myristate-labelled glycolipid C for 1 h at 37°C and the products analysed by HPTLC and¯uorography (Figure 8 ). The immunoprecipitate from the cells expressing GPIdeAc±HA showed conversion of glycolipid C to glycolipid A (i.e. removal of the fatty acid from the inositol ring) whereas that from the GPIdeAc ±/± cells did not. The R f value of the glycolipid A product is distinct from that of lyso-glycolipid C, showing that the reaction removed exclusively the fatty acid [predominantly palmitate and stearate (Gu Èther et al., 1996) ] from the 2-hydroxyl of the inositol ring and not myristate from the sn-1 or sn-2 position of the glycerolipid. Furthermore, incubation of identical aliquots of the immunoprecipitate beads with [ 3 H]glycolipid A did not result in the formation of any glycolipid q-like species due to removal of myristate from the sn-1 or sn-2 positions of the glycerolipid (data not shown). These data directly demonstrate a speci®c inositol deacylase activity for GPIdeAc±HA.
GPIdeAc ±/± trypanosomes show an accumulation of galactosylated GPI precursors The labelling of living trypanosomes with [ 3 H]mannose showed that suf®cient inositol deacylation was occurring to give rise to fully remodelled glycolipid A. However, we observed a signi®cant and highly reproducible increase in the level of labelled polar GPI species in the GPIdeAc ±/± clones ( Figure 9A ). This increase was reversed when an ectopic copy of the trypanosome gene was expressed in the double knockout cells (Figure 9B) , showing that the increase in polar GPIs was a direct consequence of the targeted gene replacement and not an artefact of the transformation. The polar glycolipids could be labelled with [ 3 H]myristate (data not shown), showing that they have undergone fatty acid remodelling. Their sensitivity to PI-PLC and resistance to jack bean a-mannosidase ( Figure 9C ) further suggest that they are not inositol acylated and most likely represent modi®ed versions of Fig. 6 . Construction and characterization of GPIdeAc ±/± double knockout and conditional mutants. (A) The ®rst GPIdeAc allele was replaced by HYG and the second by PAC. The targeting sequences used for homologous recombination were designed to avoid two adjacent potential ORFs (bold arrows). PCR primers were designed to DNA regions¯anking (Fla) the recombination regions and internal (Int) to the GPIdeAc ORF. (B) PCR products from DNA extracted from wild-type cells (WT; lanes 1 and 5), single knockout cells (KO-HYG; lanes 2 and 6), double knockout cells (dKO; lanes 3 and 7) and double knockout cells with a tetracycline-inducible HA-tagged ectopic copy of GPIdeAc (dKO + GPIdeAc; lanes 4 and 8) using¯anking (Fla; lanes 1±4) and internal (Int; lanes 4±8) primers, as indicated. (C) Membranes from wild-type and GPIdeAc ±/± double knockout mutants were labelled with [ 3 H]DFP and processed as described in Figure 2A . The ConA±agarose beads were eluted twice with a-methylmannoside (lanes 1 and 2, and 4 and 5) and ®nally boiled in SDS sample buffer (lanes 3 and 6). The samples were subjected to SDS±PAGE and¯uorography. glycoplid A. Low-levels of galactosylated versions of glycolipid A have been described previously in wild-type trypanosomes (Mayor et al., 1992) and their probable structures have been discussed (Mehlert et al., 1998) . The GPI galactose side chains in T.brucei are unusual. Exhaustive digestion of VSG221 GPIs with coffee bean a-galactosidase produced the GPI core structures Mana1± 2Mana1±6Mana1±4GlcN-, Gala1±2Mana1±2Mana1± 6Mana1±4GlcN-and Gal1-2aMana1±2(Galb1±3)-Mana1±6Mana1±4GlcN-where the unusual conformation of the glycan precludes the removal of the terminal aGal and bGal residues by a-and b-galactosidases, respectively (Mehlert et al., 1998) . Thus, the data shown in Figure 9D are consistent with the polar GPIs being galactosylated versions of glycolipid A.
GPIdeAc ±/± trypanosomes produce normal VSG-linked GPI anchors We wanted to assess whether reduced inositol deacylase activity and/or the accumulation of galactosylated glycolipid A GPIs in the GPIdeAc ±/± cells might affect the structures of the mature GPI anchors attached to VSG on the cell surface. We isolated bulk mfVSG221 from wild-type and GPIdeAc ±/± cells by reverse-phase HPLC and compared their masses with wild-type sVSG221 by electrospray mass spectrometry (ES-MS) ( Figure 10A±C ).
All three VSG preparations showed a similar envelope of at least six glycoforms arising from microheterogeneity in the two N-linked glycosylation sites (Zamze et al., 1991) and in the GPI anchor (Mehlert et al., 1998) . Both of the mfVSG221 pro®les were shifted~510 Da from the sVSG221 pro®le, consistent with both mfVSG221 preparations containing dimyristoylglycerol. The theoretical mass difference between mfVSG221, containing dimyristoylglycerol, and GPI-PLC-cleaved sVSG221, terminating in inositol-1,2-cyclic phosphate, is 511 Da. Thus, at the resolution afforded by ES-MS for 50 kDa glycoproteins, the mature mfVSG221 made by the GPIdeAc ±/± trypanosomes is indistinguishable from wildtype mfVSG221. (A) Wild-type (wt) and GPIdeAc ±/± double knockout (dKO) cells were metabolically labelled with [ 3 H]mannose and the radiolabelled glycolipids were analysed by HPTLC and¯uorography. The dKO cells produced glycolipid A and substantial amounts of more polar glycolipids running between glycolipid A and the origin. (B) wt, dKO and dKO cells expressing GPIdeAc±HA (dKO + GPIdeAc±HA) were labelled and the glycolipids analysed as described above, except that a phosphorimager was used to quantify the proportion of polar glycolipids running between glycolipid A and the origin (mean T SEM for triplicate measurements are shown). (C) Glycolipids labelled in dKO cells were analysed by HPTLC and phosphorimager with (+) and without (±) PI-PLC and jack bean a-mannosidase (JBAM) digestion. (D) Glycolipids labelled in dKO cells were analysed by HPTLC and uorography with (+) and without (±) coffee bean a-galactosidase (CBAG) digestion. The terminal digest produced glycolipid A and, most likely, the two a-galactosidase-resistant galactosylated glycolipid A products (Mehlert et al., 1998) shown on the right. Fig. 7 . The cell-free system prepared from GPIdeAc ±/± cells accumulates inositol-acylated GPI intermediates. Cell-free system from wild-type (wt) and GPIdeAc ±/± double knockout (dKO) cells were labelled with GDP-[ 3 H]Man in the presence of UDP-GlcNAc. Labelled glycolipids were extracted and analysed by HPTLC before (±) and after (+) digestion with B.thuringiensis PI-PLC, as indicated.
T.brucei GPI inositol deacylase
To analyse the GPI anchor structures with greater resolution, the mfVSG221 preparations were exhaustively digested with Pronase and the hydrophobic C-terminal GPI peptides were trapped on a C4 reverse-phase microcartridge. The cartridge was washed and then eluted with 60% 1-propanol in line with the source of the ES-MS mass spectrometer. This proved to be an ef®cient way to analyse GPI peptides by negative ion ES-MS. Both samples gave similar pro®les of [M-2H] 2± pseudomolecular ions that were readily assigned as Ser-EtN-P-Gal 5±7 Man 3 GlcN-Ino-P-dimyristoylglycerol and Ser-EtN-P-Gal 5±7 Man 3 HexNIno-P-myristoyl-lyso-glycerol species ( Figure 10D and E) . The latter presumably arise from traces of esterase activity in the Pronase since they were present in the wild-type mfVSG digest as well as the GPIdeAc ±/± mfVSG digest and since there was no evidence of lyso-GPI anchors in the spectra of the intact mfVSGs ( Figure 10A and C) . The relative ion intensities for the different glycoforms were indistinguishable, suggesting that the accumulation of galactosylated glycolipid A species in the GPIdeAc ±/± cells does not lead to hyper-galactosylation of the VSG221-linked GPI anchor.
Discussion
Components of the GPI biosynthetic machinery have thus far been identi®ed by expression cloning of genes that rescue GPI ± mammalian cell lines, or in temperaturesensitive yeast mutants. Cross-complementation has been used to con®rm that yeast, mammalian or parasite homologues are the functional counterparts of these genes. In four cases, enzymic activity of recombinant proteins or puri®ed complexes has been obtained [for the UDP-GlcNAc: PI a1±6 GlcNAc-transferase (Watanabe et al., 1998) , the GlcNAc-PI de-N-acetylase (Watanabe et al., 1999) , the GPI transamidase (Sharma et al., 2000) and the Dol-P-Man: GlcN-(acyl)PI a1±4 mannosyltransferase (MT-1) (Maeda et al., 2001) ]. In the absence of any mutants with a defect in the inositol deacylation step (Figure 1) , we have taken a biochemical approach to the puri®cation and molecular cloning of the enzyme and its gene. We then used gene knockout and expression techniques to con®rm the biochemical activity of the enzyme and to analyse the phenotype of cells lacking the enzyme.
Initial attempts to establish an enzymic assay to fractionate T.brucei membrane proteins for GPI inositol deacylase activity were unsuccessful. Radiolabelled glycolipid C substrate either remained undigested or was non-speci®cally degraded, losing fatty acids from the glycerolipid as well as from the inositol ring. Consequently, we tried to exploit the sensitivity of the trypanosome inositol deacylase activity to DFP and its insensitivity to a cocktail of other potent serine esterase and protease inhibitors (Gu Èther and Ferguson, 1995) . The labelling of a membrane-bound 50 kDa glycoprotein doublet with [ 3 H]DFP in inhibitor cocktail-treated membranes encouraged us to pursue this material as a potential inositol deacylase. The glycoprotein was puri®ed to near homogeneity by lectin af®nity, ion exchange and hydroxyapatite chromatography, and in-gel tryptic digestion produced peptides that were sequenced by Edman chemistry. A degenerate intra-peptide PCR approach was used to generate a short non-degenerate nucleotide sequence from within the gene that, together with a primer from the 35 bp 5¢-spliced leader, was used to amplify most of the coding region. This, in turn, facilitated the isolation and sequencing of a 6.2 kb genomic clone that contained the entire gene.
The replacement of both alleles of the GPIdeAc gene did not grossly affect the growth of the parasite in vitro or in vivo. Labelling of GPI intermediates in living trypanosomes and cell-free system, as well as analysis of mature mfVSG GPI anchor, revealed that inositol deacylation still occurs in GPIdeAc ±/± cells. However, the accumulation of inositol acylated GPI intermediates in these cells, relative to wild type, and the ability of HA-tagged GPIdeAc to catalyse the conversion of glycolipid C to glycolipid A, clearly demonstrate GPI inositol deacylase activity. Thus, we conclude that there must be redundancy with respect to inositol deacylase activity in T.brucei bloodstream forms. Low stringency Southern blots and searches in the T.brucei genome project database have failed to identify GPIdeAc homologues, and we conclude that the residual deacylase activity in the GPIdeAc ±/± cells most likely comes from distinct enzyme(s). Careful analysis of [ 3 H]DFP-labelled membranes from GPIdeAc ±/± cells has revealed a faint 30 kDa labelled protein that is a candidate second inositol deacylase that we intend to identify and characterize.
The predicted amino acid sequence of GPIdeAc shows a striking similarity to human, mouse and rabbit AOAH, a lipase with speci®city for the lipid A component of bacterial lipopolysaccharide (Munford and Hall, 1986; Hagen et al., 1991; Staab et al., 1994) . Homology with this known glycoconjugate-degrading, serine-dependent, lipase is comforting but, at the same time, perplexing. Mammalian AOAH is believed to be involved in the detoxi®cation of lipid A and, therefore, to be a part of a protection mechanism against excessive in¯ammatory responses during Gram-negative bacterial infections. T.brucei, a protozoan parasite that neither produces nor (presumably) responds to bacterial endotoxin, has no obvious need for AOAH activity. This means that either the physiological function of mammalian AOAH has been mis-assigned, and that it is also a GPI inositol deacylase, or that the enzyme has evolved to perform different lipase functions in different organisms. It is striking that there are no other obvious GPIdeAc (or AOAH) homologues in the database since many organisms carry out the inositol deacylation reaction, including the fully sequenced organism Saccharomyces cerevisiae. However, there are clearly other inositol deacylases in T.brucei and this organism is unusual in that it performs inositol acylation and deacylation cycles throughout the GPI pathway, whereas mammals (and yeast) appear to utilize these reactions just once at a discrete stage of the pathway (Figure 1 ). It seems likely that the GPIdeAc gene encodes an inositol deacylase unique to trypanosomes and that the other inositol deacylase(s) will be common to other organisms.
The GPIdeAc ±/± cells exhibited a curious, highly reproducible, phenotype with respect to GPI metabolism; namely the production of relatively large amounts of galactosylated GPI intermediates (i.e. galactosylated versions of glycolipid A) (Figure 9 ). This phenotype is reversed by expression of an ectopic copy of the gene, demonstrating that this is a genuine GPIdeAc ±/± phenotype. It is known that up to three Gal residues are normally added to the VSG-linked GPI anchor in the ER (Mehlert et al., 1998) , with up to three more added in the Golgi (Bangs et al., 1988) . Furthermore, a minor fraction of excess glycolipid A normally becomes galactosylated in the ER (Mayor et al., 1992) . In the GPIdeAc ±/± cells, the proportion of galactosylated glycolipid A is increased 2-to 3-fold, suggesting that the excess glycolipid A molecules have greater access to the ER GPI galactosyltransferases in the absence of this particular inositol deacylase. Thus, it is conceivable that the rate of exit of surplus glycolipid A molecules from the ER is reduced in the absence of the deacylase. A role for inositol acylation and deacylation in transbilayer/membrane subcompartment movement has been postulated previously (Gu Èther and Ferguson, 1995) and the observed GPIdeAc ±/± phenotype could be consistent with such a role.
Materials and methods
Trypanosomes Bloodstream-form T.brucei (strain 427, variant 117) were isolated from infected rats and puri®ed over DEAE±cellulose. Genetically modi®ed bloodstream-form trypanosomes (strain 427, variant 221) were isolated from cultures or from rat blood. Procyclic-form T.brucei (strain 427) was grown as described (Hesse et al., 1995) .
Af®nity labelling with [ 3 H]DFP and PNGase F digestion
Bloodstream and procyclic-form trypanosome membranes (2.5 Q 10 9 cell equivalents) were washed twice with 15 ml ice-cold buffer A (50 mM HEPES±NaOH pH 7.4, 25 mM KCl, 5 mM MgCl 2 , 0.1 mM TLCK, 1 mg/ml leupeptin) containing 0.8 mM phenylmethylsulfonyl uoride (PMSF), 4-amidinophenylmethylsulfonyl¯uoride (APMSF), 4-(2-aminoethyl)benzene sulfonyl¯uoride (AEBSF), iodoacetamide and iodoacetic acid. The pellet was resuspended at 10 9 cell equivalents/ ml in buffer A plus 5 mM MnCl 2 , 0.5 mM dithiothreitol (DTT) and labelled for 40 min at 37°C with 25 mCi [1,3-3 H]DFP (8.4 Ci/mmol, NEN). Non-radioactive DFP was added (1 mM ®nal) and unincorporated radioactivity was removed by washing three times with 26 ml buffer A. The washed membranes were solubilized with 2.5 ml of 8% (w/v) nOG in buffer B (20 mM Tris±HCl pH 7.2, 0.1 M NaCl containing the cocktail of inhibitors described above). After four cycles of sonication, the mixture was diluted 4-fold with buffer B and centrifuged (30 000 g, 30 min). The supernatant was incubated end-over-end with 0.25 ml of packed anti-VSG±Sepharose beads containing 6 mg/ml af®nity-puri®ed anti-VSG117 antibodies (2 h, 4°C). The unbound material was incubated with 25 ml of packed ConA±agarose beads (Sigma) that had been washed with 6 M urea (2 Q 1 h, 22°C) to remove non-covalently bound ConA monomers, renatured in buffer A containing 10 mM a-methyl-mannoside and 1 mM CaCl 2 , MgCl 2 and MnCl 2 and washed ®ve times with 10 vol of buffer C (2% nOG, 20 mM Tris±HCl pH 7.2, 0.1 M NaCl). The ConA beads were washed twice with 1 ml of buffer C, boiled in SDS sample buffer, 0.1 M DTT and analysed by 10% SDS±PAGE and¯uorography using En 3 Hance (NEN). For PNGase F digestions, partially puri®ed [ 3 H]DFP-labelled protein was precipitated overnight with cold 10% (w/v) trichloroacetic acid, washed twice in cold ethanol, boiled in 14 ml of 1% SDS, 0.1 M DTT and mixed with 50 ml 2% NP-40. Aliquots (10 ml) were mixed with 3 ml of water and 5 ml of 0.2 M Tris±acetate pH 8.6, 40 mM EDTA, 0.2 M DTT and incubated overnight at 37°C with or without 2 ml of PNGase F (10 6 U/ml; New England Biolabs) before SDS±PAGE and uorography.
Protein puri®cation
Bloodstream-form trypanosome membranes (4 Q 10 11 cell equivalents) were washed with 250 ml buffer A plus inhibitors and labelled with 2 mCi [ 3 H]DFP, as described above. Non-radioactive DFP was added (1 mM ®nal) and unincorporated radioactivity was removed by washing three times with 160 ml buffer A. The membranes were stripped of peripheral membrane proteins and ER lumen contents by washing with 112 ml 0.125 M NaHCO 3 /Na 2 CO 3 buffer pH 10 (10 min, 0°C), washed further with 300 ml buffer A and solubilized with 70 ml 8% nOG, 1 mM N-ethyl maleimide, 2 mg/ml aprotinin, 0.8 mM benzamidine in buffer B with sonication (four bursts of 20 s). After ultracentrifugation (100 000 g, 1 h, 4°C) the supernatant was diluted 4-fold with buffer B and VSG was removed by incubation with 5 ml anti-sVSG±Sepharose (4 h, 4°C). The supernatant was incubated overnight at 4°C with 2 ml urea-treated ConA±agarose, washed ®ve times with 15 ml of buffer C and eluted overnight at 4°C with 6 ml buffer C containing 1 M a-methylmannoside, 10 mM EDTA. Two further elutions were performed for 5 h at 4°C and the combined eluates were ®ltered through 0.45 m Millex-HV (Millipore). The total radioactivity recovered from the beads was 2 Q 10 6 c.p.m. This material was applied to a TMAE±Fractogel FPLC column (1.5 Q 15 cm; Merck) pre-equilibrated with buffer D (20 mM Tris±HCl pH 7.2, 0.1% nOG, 50 mM NaCl, 2 mM EDTA, 0.25 M a-methyl-mannoside). The column was washed with 5 ml buffer D and eluted with a two-step salt gradient to 0.5 M NaCl (50 min) and 1 M NaCl (80 min) at 1 ml/min. Some radioactivity eluted in the wash, most likely corresponding to free [ 3 H]DFP, followed by two peaks at~150 and 400 mM NaCl. The recovery of radioactivity from the second peak was~25% and this material was dia®ltered into 0.5 ml 5 mM sodium phosphate pH 7.2, containing 0.1% nOG using a Microcon-30 (Amicon). The sample was applied to a ceramic hydroxyapatite FPLC column (CHT2-1; Bio-Rad), washed with 6 ml starting buffer and eluted with a gradient to 500 mM sodium phosphate T.brucei GPI inositol deacylase pH 7.2, 0.1% nOG over 30 min at 1 ml/min. A single radioactive peak was eluted at 200 mM sodium phosphate and the recovery of radioactivity for this step was 50%. This material was dia®ltered into 35 ml of 20 mM Tris±HCl pH 7.2, 0.1% nOG using a Microcon-30 and combined with 20 ml of the same buffer used to wash the ®lter.
Peptide sequencing
The puri®ed protein in 55 ml 20 mM Tris±HCl pH 7.2, 0.1% nOG was mixed with 12 mg urea and concentrated to 25 ml in a Speed-vac. The protein was reduced with 2 ml of 10% (v/v) 2-mercaptoethanol under argon (15 min, 50°C) and alkylated with 1 ml 4-vinylpyridine (Fluka) (30 min, 22°C). The sample was mixed with 7 ml of 5 Q SDS sample buffer, heated to 50°C for 10 min and applied to an 10% SDS±PAGE gel.
The gel was stained with Coomassie Blue and a gel piece containing the puri®ed 50 kDa protein (and two control pieces, one below the band and one next to the band) were washed twice with 1 ml water for 1 h and dried in the Speed-vac. Each gel piece was digested overnight with 25 ng of modi®ed trypsin (Promega sequence grade) in 100 ml of 20 mM NH 4 HCO 3 , 0.05% Zwittergent 3-16 (Calbiochem) at 37°C. The supernatant was removed, combined with two 200 ml washes and concentrated to~40 ml in a Speed-vac. The digests were mixed with an internal standard dye mix and applied to an ABI C18-reverse-phase capillary microbore column (5 m 300 A Ê ; 0.5 mm Q 15 cm) using an ABI 140D microbore HPLC and microblotter system. The column was eluted with 2% acetonitrile, 0.1% tri¯uoroacetic acid (TFA) for 10 min followed by a linear gradient to 50% acetonitrile, 0.93% TFA over 100 min at ā ow rate of 7 ml/min. Peptide and dye elution was monitored at 210 nm (0.1 AUFS) and the chromatograms were aligned to the microblotter PVDF membrane strips via the dye spots. Regions of the PVDF strip corresponding to UV-absorbing peaks unique to the 50 kDa protein digest were taken for Edman sequencing using a modi®ed ABI 476A sequenator. PTH amino acids were separated on an ABI Procise cLC PTH amino acid analysis column (0.8 Q 250 mm) developed with a discontinuous gradient of 3.5% tetrahydrofuran versus acetonitrile at 50 ml/min.
Gene cloning
Genomic DNA and cDNA were prepared from bloodstream-form trypanosomes by standard methods. In the oligonucleotide primers described below, lower-case letters indicate restriction site extensions. Degenerate primer 1 [5¢-ggccaggatccT(C)T(TCGA)GT(TCGA)AA(TC)-CC(TCGA)GT-3¢] and primer 2 [5¢-ggccgaattcGC(TCGA)GT(TCGA)G-C(AGT)AT(CT)TG-3¢] were used to PCR amplify a small DNA fragment with AmpliTaq-Gold (Perkin-Elmer); 95°C, 5 min; 47°C, 2.5 min; 72°C, 2.5 min for 35 cycles. The product was resolved on a 20% polyacrylamide gel in TAE buffer, stained with ethidium bromide, excised, isolated (Qiaex II kit) and cloned into pGEMTeasy. Several clones were sequenced and a non-degenerate primer (primer 4; 5¢-ggccgaattcAGAAGGATGGAAACCATC-3¢) corresponding to the central region of the insert was prepared. Primer 4 and primer 3 (5¢-ggcccgcTATTATTAGAACAGTTTCTGTA-3¢), based on the T.brucei 5¢-spliced leader, were used to amplify a cDNA fragment with AmpliTaqGold; 95°C, 2 min; 60°C, 2.5 min; 72°C, 2.5 min for 35 cycles. The product was isolated from an agarose gel, cloned and sequenced. Primer 5 (5¢-AGTCGACTCTATATATTTTAC-3¢), primer 6 (5¢-TCGTAGCT-TATGTAAAGGCAA-3¢), primer 7 (5¢-GCACCCACCCCACTTGAT-TAC-3¢) and primer 8 (5¢-AGGATGGAAACCATCAACCGG-3¢) were designed to PCR amplify two~400 bp fragments (probes 1 and 2) of the cDNA clone, corresponding to the 5¢ and 3¢ ends of the ORF, respectively. The probes were labelled with¯uorescein±dUTP by random priming (Gene Images kit, Amersham) for use in Southern blotting.
A size-selected genomic DNA library was constructed by isolating 6.0±6.5 kb XhoI-digested fragments from an agarose gel and cloning these into SalI-digested pUC18. Duplicate colony blots of this library were probed with probes 1 and 2 and colonies that were positive with both probes were grown and screened for the presence of the ORF by PCR using primers 5 and 8. Positive cultures were subcloned three times to obtain a clone containing a 6.2 kb insert for sequencing.
Genetic modi®cation of trypanosomes
All genetic modi®cations were performed using strain 427 (variant 221) bloodstream forms stably transfected to express T7 RNA polymerase and tetracycline repressor (TetR) protein under G418 selection (Wirtz et al., 1999) . For convenience, these are referred to as`wild-type' cells. The cultivation and transfection of these cells is described in Wirtz et al. (1999) with minor modi®cations described in Milne et al. (2001) .
The 5¢-and 3¢-UTR sequences immediately adjacent to the start and stop codons were PCR ampli®ed using the Expand long-template PCR System (Roche) with primer 9 (5¢-ataagtatgcggccgcTACATGATG-TGGTGTA-3¢) and primer 10 (5¢-GTTTAAACTTACGGACCGTC-AAGCTTTTTTCCAGGCTGTGGA-3¢) for the 5¢-UTR and primer 11 (5¢-ataagtaagcggccgcACCCCCTCGCGGCTAT-3¢) and primer 12 (5¢-GACGGTCCGTAAGTTTAAACGGATCCTGCGTTAGAGTACATC-3¢) for the 3¢-UTR. The two PCR products were used together in a further PCR to yield a product containing the 5¢-UTR linked to the 3¢-UTR by a short HindIII, PmeI and BamHI cloning site (italic sequences) and NotI restriction sites at each end (lower-case sequences). The PCR product was cloned into the NotI site of pGEM-5Zf(+) vector (Promega) and the HYG and PAC drug resistance genes were introduced into the targeting vector via the HindIII and BamHI cloning sites. Plasmids were prepared using Qiagen Maxi-Prep kits, digested with NotI, precipitated and washed with ethanol, redissolved in sterile water and used for electroporation of the parasites (Wirtz et al., 1999) .
For overexpression, the GPIdeAc gene was PCR ampli®ed using PfuTurbo (Stratagene). The gene was ampli®ed in two segments. The 5¢ end of the ORF was ampli®ed using primer 13 (5¢-cccaagcttCATATGAGTC-GACTCTATATATTTTAC-3¢) and primer 14 (5¢-ATGGGATGTATCC-GATTAACGATGCTGCCA-3¢) and the 3¢ end of the ORF was ampli®ed using primer 15 (5¢-TGGCAGCATCGTTAATCGGATACATCC-CAT-3¢) and primer 16 (5¢-cgcggatccTCATGCGTAATCAGGGACGT-CATAAGGATAGTTAATTAAGTAGCCCCCCTGGTC-3¢). The two PCR products were used together in a further PCR to yield a product containing a silent mutation that removed a BamHI site, an HA epitope tag (underlined letters) fused to the C-terminus of GPIdeAc and 5¢±HindIII and 3¢±BamHI restriction sites for cloning into the trypanosome expression vector pLEW82 (Wirtz et al., 1999) to yield the plasmid pLEW82-GPIdeAc±HA.
GPIdeAc gene replacement and GPIdeAc±HA gene insertion events were monitored by PCR. Two sets of PCR primers were used. Flanking (Fla) primers were designed to chromosomal sequences outside of the regions of homologous recombination such that PCR products of the wild-type alleles and the HYG and PAC gene replacements would be of different sizes (2.5, 1.8 and 1.4 kb, respectively). Internal (Int) primers were designed to sequences within the ORF such that any copy of GPIdeAc (endogenous or ectopic) would yield a 1.7 kb product. The forward and reverse Fla primers were 5¢-ATCTTCGGCAAC-ACTGTC-3¢ and 5¢-TTGGACGTGGTGAAATGA-3¢, respectively, and the forward and reverse Int primers were 5¢-cccaagcttGGGATGAGTC-GACTCTATATATTTTACAAA-3¢ and 5¢-cgcggatccTCAGTAGCC-CCCCTGGTCCCCAAATCGCCT-3¢, respectively.
In vitro and in vivo GPI radiolabelling studies Cell-free systems (washed membranes) were prepared from wild-type and GPIdeAc ±/± cells and radiolabelled for 20 min with GDP-[ 3 H]mannose (22 Ci/mmol, NEN) in the presence of UDP-GlcNAc and tunicamycin (Gu Èther and Ferguson, 1995) . The washed glycolipid extracts were analysed by silica HPTLC using chloroform/methanol/1 M ammonium acetate/13 M ammonia/water (180:140:9:9:23 v/v) as the solvent. The plates were sprayed with En 3 Hance (NEN) before¯uorography.
Living wild type, GPIdeAc ±/± cells and GPIdeAc ±/± cells expressing ectopic GPIdeAc±HA were metabolically labelled for 1 h with [2-3 H]mannose (21 Ci/mmol, NEN) (Gu Èther and Ferguson, 1995) . Washed glycolipid extracts were analysed as described above except that some HPTLC plates were imaged using a Fuji FLA-2000 phosphorimager to allow accurate quanti®cation.
Digestions of glycolipid extracts with Bacillus thuringiensis PI-PLC and jack bean a-mannosidase were as described (Gu Èther et al., 1994) . Digestions with coffee bean a-galactosidase (Glyko) were performed with 0.5 U of enzyme in 20 ml of 0.1 M sodium acetate pH 5.0, 0.1% sodium taurodeoxycholate for 16 h at 37°C.
Inositol deacylase assay
Trypanosomes isolated from rat blood were metabolically labelled for 1 h with [9,10-3 H]myristate (49 Ci/mmol) (Gu Èther et al., 1994) and glycolipid C was puri®ed by solvent extraction, solvent partitioning and amino-bonded normal-phase chromatography (Gu Èther et al., 1996) .
Cell-free systems of 10 9 GPIdeAc ±/± cells (unable to express GPIdeAc) and 10 9 GPIdeAc ±/± /GPIdeAc±HA cells (continuously induced with tetracycline to express GPIdeAc±HA) were solubilized in 5 ml 20 mM Tris±HCl pH 7.2, 0.15 M NaCl, 1% NP-40, 0.1 mM TLCK, 0.8 mM PMSF, 0.8 mM APMSF, 0.8 mM AEBSF, 1 mg/ml leupeptin (buffer E) for 15 min at 0°C and centrifuged (30 000 g, 30 min, 4°C). The supernatant was mixed with 25 ml of packed anti-HA±agarose beads (Roche) for 2.5 h at 4°C. The beads were washed three times with 200 ml buffer E and resuspended in 160 ml buffer E. Aliquots of 20 ml (enzyme concentrated from 1.25 Q 10 8 cells) were added to freshly prepared and dried [ 3 H]glycolipid C (50 000 c.p.m.) and incubated for 1 h at 37°C. The glycolipid products were extracted (three times) with 50 ml butan-1-ol saturated with water and the combined butan-1-ol phases were washed twice with 100 ml water saturated with butan-1-ol. The washed butan-1-ol phase was concentrated and analysed by HPTLC and phosphorimaging, as described above.
Isolation of mfVSG and mass spectrometry Wild-type and GPIdeAc ±/± cells (isolated from rat blood and both expressing VSG variant 221) were extracted with ice-cold 0.1% TFA (10 9 cells/ml) and mfVSG221 was puri®ed from the supernatant by reversephase HPLC (Clarke et al., 1985) , except that a 5 m 300 A Ê C4 Vydac column (0.46 Q 25 cm) was used. Aliquots of~10 mg of the mfVSG221 preparations and of sVSG221 from wild-type cells were mixed with 100 ml 50% acetonitrile, 0.2% formic acid and infused into the electrospray source of a Micromass Ultima mass spectrometer at 5 ml/ min. Positive ion mass spectra of these mfVSG221 were recorded, averaged and processed by maximum-entropy deconvolution using MassLynx software.
For the analysis of the C-terminal GPI peptide fragments, 400 mg of wild-type and GPIdeAc ±/± mfVSG221 were dissolved in 100 ml ammonium bicarbonate and treated with 25 ml 1 mg/ml Pronase (Roche) in 50 mM calcium acetate (16 h, 37°C) and a further 5 ml Pronase (4 h, 37°C). Aliquots of 6.5 ml (corresponding to 20 mg of original mfVSG) were mixed with 100 ml 100 mM ammonium acatate, 5% propan-1-ol and loaded on to a 300 A Ê C4 reverse-phase microcartridge (1 Q 5 mm; LC Packings) placed in the sample loop position of a Rheodyne HPLC injector. The cartridge was then washed with 200 ml of the same buffer and 100 ml of 10 mM ammonium acetate, 5% propan-1-ol. The cartridge was then placed in-line with the electrospray source of a Micromass Ultima mass spectrometer in a stream of 5 mM ammonium acetate, 60% propan-1-ol at 5 ml/min. Negative ion mass spectra were recorded, averaged and processed with MassLynx software.
Tryptic digests were analysed in positive ion re¯ectron mode using a PerSeptive Biosystems Voyager DE-STR MALDI-Tof mass spectrometer using a-cyano-4-hydroxycinnaminic acid matrix and internal calibration with trypsin autolysis ions.
